Abstract Robust monodisperse nanoporous membranes have a wide range of biotechnological applications, but are often difficult or costly to fabricate. Here, a simple technique is reported to produce free-standing TiO 2 nanotubular membranes with through-hole morphology. It consists of a three-step anodization procedure carried out at room temperature on a Ti foil. The first anodization (1 h at 80 V) is used to pattern the surface of the metallic foil. Then, the second anodization (24 h at 80 V) produces the array of TiO 2 nanotubes that will constitute the final membrane. A higher voltage anodization (3-5 min at 180 V) is finally applied to detach the TiO 2 nanotubular layer from the underlying Ti foil. In order to completely remove the barrier layer that obstructs some pores of the membrane, the latter is etched 2 min in a buffered oxide etch solution. The overall process produces 60-lm-thick TiO 2 nanotubular membranes with tube openings of 110 nm on one side and 73 nm on the other side. The through-hole morphology of these membranes has been verified by performing diffusion experiments with glucose, insulin, and immunoglobulin G where in differences in diffusion rate are observed based on molecular weight. Such biocompatible TiO 2 nanotubular membranes, with controlled pore size and morphology, have broad biotechnological and biomedical applications.
Introduction
TiO 2 nanotubes (NTs) produced by anodization of a Ti foil have increasingly been investigated for biomedical applications due to their excellent interaction with biological tissues [1] [2] [3] [4] [5] . Biosensors [1] , nanostructured orthopedic and dental implants [1, [6] [7] [8] , nanostructured vascular stents [1, [9] [10] [11] , drug delivery vehicles, and drug-eluting coatings [1, [12] [13] [14] [15] are typical examples of these applications. Arrays of TiO 2 NTs can also be fabricated as free-standing membranes [16] [17] [18] [19] [20] [21] that can be used for biofiltration, e.g., separation of biomolecules, viruses, or cell immunoisolation. Indeed, in addition to being biocompatible, arrays of TiO 2 NTs present excellent characteristics for filtering uses [1, 2] such as: control over pore size and membrane thickness by experimental parameters, narrow pore size distributions, high pore densities, and circular pores that are ideal for blocking flexible biologic molecules.
The first step in the fabrication of a TiO 2 nanotubular membrane is to produce a layer of vertically aligned TiO 2 NTs on a metallic Ti foil by anodization. The influence of the experimental parameters of this process (voltage, current density, duration, electrolyte composition, temperature) has been extensively reviewed elsewhere [1, 2] . TiO 2 NTs with diameters from 15 to 150 nm (mainly controlled by voltage) and lengths from 20 nm to 1,000 lm (mainly controlled by duration) have been produced that way. A total of two anodization steps are usually carried out on the same Ti foil to improve the lateral arrangement of the tubes [22] [23] [24] . The first anodization produces a layer of NTs that is not perfectly ordered and that is removed (e.g., by acid etching or ultrasonication), leaving a dimpled pattern on the Ti foil. The second anodization is then conducted on the textured Ti surface and produces a layer of TiO 2 NTs with improved lateral ordering (close-packed hexagonal arrangement).
TiO 2 NTs produced by anodization have the shape of a test tube: their top end is open and their bottom end is closed (barrier layer in between the tube and the underlying metallic Ti). In order to obtain self-standing TiO 2 nanotubular membranes for flow-through applications, the NTs have to be detached (as an array) from the Ti foil and their bottom ends need to be opened. Liu et al. [21] have published a recent review detailing the numerous techniques developed to tackle these problems. However, the detachment of TiO 2 nanotubular arrays and the opening of their pores still constitute operations that are difficult to realize uniformly in practice, especially for large area membranes.
In this article, we report an easy technique to obtain free-standing membranes of TiO 2 NTs with open ends on both sides. The combination of three anodization steps and a final etch in an acidic solution permits to produce robust membranes that do not curl or crack upon drying. The through-hole morphology of these membranes has been verified by performing diffusion experiments with different biologically relevant molecules.
Experimental

Membrane fabrication
The fabrication technique consists of a three-step anodization procedure carried out at room temperature followed by a final etch step. The starting material is Ti foil (Sigma-Aldrich, 0.25-mm-thick, 99.7 %). A piece of 3 cm 9 1.5 cm is cut and ultrasonically cleaned with dilute micro-90 solution (International Products Corporation), then acetone and finally ethanol. The Ti piece is then rinsed with ethanol and dried in nitrogen. The anodization steps are performed in a two-electrode configuration with the Ti foil as working electrode (surface immersed: 2.5 cm 9 1.5 cm) and a Pt foil (Alfa Aesar, 0.1-mm-thick, 99.99 %) as counter-electrode. These electrodes are separated by a distance of 7 cm. The electrolyte solution (100-150 ml) consists of ethylene glycol (Sigma-Aldrich) containing 0.3 wt% of NH 4 F (Sigma-Aldrich) and 2 vol% of DI H 2 O (the experiments are carried out in a Teflon container). The solution is not stirred during any of the anodization steps.
The Ti foil is first pre-anodized in the electrolyte solution at 80 V for 1 h (Agilent E3612A power supply). The produced TiO 2 NTs are detached from the Ti foil by sonicating the sample in a 0.067 vol% HCl aqueous solution (using HCl 50 vol% from LabChem) for 45 min. The resulting patterned Ti surface is then rinsed with DI H 2 O and ethanol before being dried in nitrogen.
The second anodization step is also carried out at 80 V but for 24 h (same electrolyte bath as for pre-anodization, same power supply). This step produces the TiO 2 NTs of the final membrane. The Ti/TiO 2 sample is rinsed with water and ethanol before immediate conduction of the next step.
A post-anodization procedure is carried out using a fresh electrolyte solution (of the same composition) and a much higher voltage of 180 V during 3-5 min (Kikusui power supply). The sample is then alternatively rinsed with DI H 2 O and ethanol (at least twice) and left drying in air from ethanol. Upon drying, the TiO 2 nanotubular layer detaches from the underlying Ti (a scalpel can be used to assist the separation of the membrane if needed). The TiO 2 membrane is then soaked for 1 min each side up (total of 2 min) in an aqueous solution of NH 4 F 38 wt% and HF 2.4 wt% (buffered oxide etch-BOE-solution 20:1 with surfactant, J.T. Baker). This etching step permits to open all the pores (barrier layer) over the entire bottom side of the sample. The membrane is subsequently rinsed with DI H 2 O and ethanol. In order to completely remove the debris layer (nanowires) covering the top side of the sample, the latter is finally sonicated in ethanol for 5 min (VWR Model 75T sonicator) before being rinsed with ethanol and left drying in air. No subsequent annealing step is applied to our TiO 2 nanotubular membranes that thus remain mainly amorphous. If the membranes are handled carefully through the different fabrication stages (plastic tweezers are preferred as compared to metallic ones), it is possible to obtain open-ended areas as large as 2.5 cm 9 1.5 cm.
SEM characterization
The samples have been characterized by field emissionscanning electron microscopy (Zeiss Ultra 55 FE-SEM operated with an acceleration voltage of 2 kV) to obtain morphological and structural information. All specimens have been coated with a 3 nm layer of iridium prior to observation to improve their conductivity.
Diffusion experiments
Diffusion experiments have been carried out using a custom-made acrylic diffusion chamber (Fig. 1, left) . A small piece of a TiO 2 membrane is glued (super glue from Fisher) onto a plastic support containing a 2-mm hole that is entirely covered by the nanotubular membrane (the area available for diffusion is thus 3.14 mm 2 ). The incorporation of the supported membrane in the diffusion chamber is carried out under DI H 2 O to avoid the presence of air bubbles. An elastomer o-ring is used on each side of the plastic support to prevent any leakage in between donor and receptor compartments (Fig. 1, right) . Each compartment presents a volume of 350 ll and is linked to two sampling ports via 1 mm capillaries, allowing easy sampling with a needle and syringe.
All diffusion experiments have been performed at room temperature with the diffusion chamber sitting on a shaking plate. The donor compartment is loaded with a solution of the molecule of interest in DI H 2 O, while the receptor compartment contains DI H 2 O. The entire volume of the receptor side is removed at determined intervals and replaced by DI H 2 O. All the samples are then analyzed as described in the following paragraph.
The diffusion of three biologically relevant molecules has been studied: glucose (D-(?)-Glucose, Sigma-Aldrich, 99.5 %), insulin (Human insulin solution, 10 mg ml -1 , Sigma-Aldrich), and immunoglobulin G (IgG) (IgG-FITC from human serum, 20 mg ml -1 , Sigma-Aldrich). The starting concentrations (in the donor compartment) of glucose, insulin, and IgG are respectively 3 mg ml -1 , 500, and 100 lg ml -1 . Glucose analysis is carried out via an enzymatic kit (Glucose (HK) Assay Kit, Sigma-Aldrich) and optical absorbance measurements at 340 nm (SpectraMax 190 spectrophotometer, Molecular Devices). Insulin is analyzed via a micro BCA protein assay kit (Thermo Scientific) and absorbance measurements at 562 nm. IgG is analyzed directly by fluorimetry (FluoroCount fluorimeter, Packard), since it is conjugated to the small fluorescein isothiocyanate (FITC) fluorophore (excitation at 495 nm and emission at 525 nm).
Results and discussion
Membrane fabrication and characterization
At the end of the procedure presented in Sect. 2.1, the TiO 2 nanotubular layer grown during 24 h at 80 V detaches from the underlying Ti foil upon drying from ethanol (Fig. 2,  left) . A scalpel can be used to assist the separation of the large area membrane if necessary. The produced TiO 2 membrane is mechanically robust and flat (Fig. 2, middle) . No curling occurred upon drying in air, as previously reported for other fabrication techniques [17, 18, 25] . As can be seen in the photograph, a thin white layer covers the major part of the Ti foil and is also visible on the upper part of the TiO 2 NT membrane. This intermediate layer grows during the post-anodization step and permits to dislodge the TiO 2 membrane from the underlying Ti (discussed into more details below). An SEM micrograph of the membrane cross section is also provided in Fig. 2 , right. Based on this picture, the calculated thickness of the membrane is 60 lm.
The top side of the TiO 2 membrane does not present open end NTs after the triple anodization treatment and the etching step. It is covered by a debris layer of TiO 2 nanowires that have only been slightly attacked by the etching procedure with BOE (Fig. 3, left) . However, this debris layer is completely removed after sonication of the membrane in ethanol during 5 min, revealing the open end TiO 2 NTs (Fig. 3, right) . The average inner diameter of the tubes is then 110 nm on this side of the membrane. Other experiments have been conducted without the etching step and show that debris nanowires are also completely removed by sonication, proving that etching does not help for this purpose.
On the contrary, the etching step in BOE solution is absolutely necessary to completely open the pores of the bottom side of the membrane (that was in contact with Ti foil prior to its detachment). Indeed, experiments where etching is omitted lead to free-standing membranes with random patches of closed end NTs on the bottom surface as can be seen in Fig. 4A The complete fabrication process for 60-lm-thick TiO 2 nanotubular membranes with open pores on both sides is summarized schematically in Fig. 6 . It is very robust, Other authors have used a different (decreased or increased) voltage at the end of the anodization process to detach the TiO 2 membrane from the Ti foil while simultaneously opening the closed bottom ends of the tubes [25] [26] [27] [28] [29] . As shown before, we also observe regions of the membrane surface with open pores after increasing the anodization voltage. However, this alternative technique does not result in 100 % open pores over the whole surface without a subsequent etching step. This etching step is thus absolutely necessary to get consistent membranes that could be used for filtration.
Other [30] , and HF vapors [16] . However, the attack on the TiO 2 membrane is harsher with these etchants, and it is thus more difficult to control it over the whole surface. It is interesting to note that dry etching in a plasma reactor [31, 32] might be as efficient as our wet etching technique to control the opening of the pores, although more expensive. 
Diffusion experiments
The diffusion of glucose, insulin, and IgG-FITC through our TiO 2 nanotubular membranes has been studied in the diffusion chamber described in Sect. 2.3. These results are presented in Fig. 7 . First of all, it is worth mentioning that all three molecules are able to diffuse through the membranes, thereby proving the through-hole morphology of the NTs. The second important observation is that the diffusion of each of these three molecules follows a zeroorder kinetics, since there is a linear relationship between the number of moles diffused and time (see dashed lines in Fig. 7 ). The linear relationship is clear for glucose and insulin and seems to be valid also for IgG (although more data points are required to confirm this assumption). The diffusion rates are thus independent of concentrations. However, these diffusion rates (determined by the slopes of the lines) are totally different for the test molecules: 38.2 nmol h -1 for glucose, 0.03 nmol h -1 for insulin, and 0.0002 nmol h -1 for IgG. Glucose diffuses about 1,000 times faster than insulin and 200,000 times faster than IgG and insulin diffuses 150 times faster than IgG. These differences can be explained by differences in molar mass (molecular weight) and size for glucose (180 g mol ; Stokes radius: 0.4 nm) [33] , insulin (5,800 g mol -1 ; 1.35 nm) [34] , and IgG (150,000 g mol -1 ; 5.9 nm) [35, 36] . The correlation between diffusion rate and molar mass is presented in Fig. 8 for the three molecules.
The demonstrated filtering properties of our biocompatible TiO 2 NT membranes could be used advantageously in biofiltration applications such as viruses' blockage or immunoprotection of transplanted cells. For instance, the immunoisolation of islet or beta cells with TiO 2 NT membranes could potentially lead to a treatment of type 1 diabetes [37] , since the diffusion of IgG is largely hindered as compared to glucose and insulin. 
Conclusions
This article reports an easy and reproducible technique to fabricate robust large area TiO 2 nanotubular membranes with open ends on both sides. While the three-step anodization procedure permits to obtain free-standing membranes with some open pores, the final etching step is necessary to open all the pores on the bottom side of the membrane.
The through-hole morphology of these TiO 2 membranes has been verified by diffusion experiments with glucose, insulin, and IgG. The significant difference in diffusion rates for these molecules could lead to interesting biofiltration applications due to the good biocompatibility of titania.
